[1] The micrometeorological technique of eddy covariance is a powerful tool for characterizing the carbon (C) budget of terrestrial ecosystems. However, few attempts have been made to link canopy-scale eddy exchange to soil C processes. Here we develop a simple means of using calculations derived from a global database of eddy flux measurements to examine the role of climate on soil C decomposition rates. We then compare the results of the eddy covariance calculations to the temperature dependence of soil C residence times determined by four common methods: laboratory incubations, direct soil respiration measurements, radiocarbon uptake, and stable C isotope change following land conversion. In all five methods, the soil organic C turnover time decreases exponentially with increasing mean annual temperature. The similar slopes and intercepts of the eddy flux and chamber measurements lend support for the robustness of micrometeorological techniques in measuring respiration. The similarities in the response of soil C turnover to temperature for the eddy flux and 14 C-derived turnover times is especially encouraging in that bomb-14 C measurements do not rely on any of the assumptions that were used to calculate soil C turnover from eddy flux data. However, the 13 C isotope method yields a significantly different slope and intercept than the other three techniques. The results of this work reinforce the recognized temperature dependence of soil C turnover and suggest that eddy flux experiments are a useful and additional approach for studying the soil C budget.
Introduction
[2] The exchange of carbon dioxide between the atmosphere and terrestrial biosphere consists of a balance between gross primary production (photosynthetically mediated plant uptake of CO 2 plus photorespired CO 2 ) and ecosystem respiration (the production of CO 2 by live plant material and microbial decomposition of organic matter). On a global basis, each of these terms is very large, equaling approximately 120 Gt C-CO 2 yr À1 [Schimel et al., 1996] . This figure is approximately 20 times greater than the total annual release of carbon due to anthropogenic sources [Schimel et al., 1996] . Since the onset of the industrial revolution, fossil fuel burning, landuse change, and associated global warming [IPCC, 2001] have combined to drive this system out of steady state. Whether the terrestrial biosphere acts as a source or sink of carbon in a warmer, CO 2 -enriched world will depend on the balance between increased primary productivity due to higher CO 2 levels and increased respiration due to elevated temperatures.
[3] The temperature dependence of soil C decomposition is an important and widely discussed topic. Increased decomposition, and CO 2 fluxes, caused by atmospheric warming have been projected to substantially increase soil organic C losses over multi-decadal timescales [Jenkinson et al., 1991; Trumbore et al., 1996] . In contrast, other analyses have led to the conclusion that decomposition rates are relatively insensitive to temperature increases [Giardina and Ryan, 2000] and that large increases in ecosystem respiration may not occur in the advent of global warming [Grace and Rayment, 2000] . Clearly, the true soil ecosystem response to warming has enormous environmental and political implications [Cox et al., 2000] .
[4] The discrepancy in opinion regarding soil C decomposition response to temperature is partially the result of researchers using entirely different methods of empirically or theoretically deriving the temperature dependence of decomposition. A full understanding of the spatial and temporal complexities of the global carbon cycle requires the use of multiple methods at multiple scales [Canadell et al., 2000] . Each technique in isolation can address only part of the problem. Combining analyses from multiple methods also has potential utility as the strengths of each method can identify weaknesses in the others. Methods range from empirically constrained soil C models [Jenkinson et al., 1991] , measurements of radiocarbon accumulation in undisturbed soils [Trumbore et al., 1996] , direct soil respiration measurements using soil chambers in contrasting climates [Raich and Schlesinger, 1992] , laboratory incubations of processed field soils [Kirschbaum, 1995] , and the stable C isotope changes with changes in land use [Giardina and Ryan, 2000] . None of these methods have been critically compared to each other, nor is this list of methods exhaustive. In particular, the growing global data set of eddy covariance analyses of net ecosystem CO 2 exchange in a variety of environments offers the potential of developing a novel means of examining soil respiration responses to climate since eddy covariance provides a direct measure of ecosystem C exchange.
[5] Here we review the eddy covariance CO 2 exchange technique for measuring ecosystem respiration, and discuss a simple means of using the data to examine the role of climate on soil C decomposition rates. We then compare the results of the eddy covariance calculations to the temperature dependence of soil C residence times determined by four common methods: laboratory incubation, direct soil respiration measurements, radiocarbon uptake, and stable C isotope change following land conversion. The goal of the work is to shed further light on the potential effects of global warming on the soil C pool and to develop a sense of the relative comparability of various methods of studying this potentially significant climate feedback.
Methods
[6] In this study, we focus on rates of soil organic C decomposition or heterotrophic respiration (R H ), which can be described using first-order kinetics:
where k is the decay constant (years À1 ) and C is the carbon content of the soil (kg m À2 ). Of interest here is the temperature dependence of k, or its reciprocal t (residence time (years)). Because C is known to vary and k is expected to vary between sites with differing climates, the dependence of R H on temperature is not easily or directly interpretable. Here we discuss the use of eddy covariance CO 2 flux studies for determining R H and the approaches we used to estimate C at each site, estimates which allow us to calculate k.
Measurement of Ecosystem Respiration Using Eddy Covariance
[7] The micrometeorological technique of eddy covariance offers several distinct advantages for measuring ecosystem trace gas exchange. Eddy covariance provides (1) noninvasive and direct measurements of C flux density, (2) integrated measurements over a large area (up to a few kilometers at forested sites [Malhi et al., 1998 ]), and (3) a near continuous flux record over annual timescales [Wofsy et al., 1993] . Additionally, standardized protocols in both the EUROFLUX and AMERIFLUX networks make intersite comparisons feasible. The global FLUXNET initiative now includes over 150 sites spanning most of the Earth's major biomes .
[8] CO 2 exchange (F C ) is measured by rapidly sampling turbulent eddies for fluctuations in vertical wind speed and CO 2 concentration above the ecosystem of interest. Over ideal canopies (i.e., crops and grasslands) and during well mixed atmospheric conditions, summing F C over a specified timescale yields the net ecosystem exchange (NEE). However, over more complex terrain (e.g., forests) and during stable atmospheric conditions, respired CO 2 may build up below sensor height [Aubinet et al., 1999; Lee, 1998; Finnigan, 1999] . Most researchers correct for this below-sensor storage by simultaneously measuring the CO 2 concentration at several points below sensor height [Goulden et al., 1996] . For a complete discussion of eddy covariance theory see Baldocchi et al. [1988] , Goulden et al. [1996] , Grelle and Lindroth [1996] , Moncrieff et al. [1996] , and Aubinet et al. [1999] .
[9] Ecosystem respiration (R e ) is determined by assuming the nighttime CO 2 flux plus below-sensor storage is equal to R e , which is simply the sum of leaf, wood, root, and microbial respiration. For each site, nighttime F C is regressed against temperature using an Arrhenius style equation such as the unbiased residual distribution from Lloyd and Taylor [1994, equation (11) ]:
where R 10 is the respiration rate normalized to 10°C and E 0 and T 0 are fitted parameters expressed in degrees K. It is important to derive these parameters over the course of the seasons to represent changes in soil moisture and growth/ maintenance respiration effects [Amthor, 2000; McCree and Troughto, 1966] . Equation (2) is then used to estimate the daytime respiration rate. Finally, summing R e over daytime and nighttime periods yields an estimate of the total ecosystem respiration.
[10] The R e calculation has several sources of uncertainty. Stable nocturnal conditions with low turbulence result in an underestimation of nighttime CO 2 flux [Goulden et al., 1996; Aubinet et al., 1999] . Mechanisms for this selective systematic error [Moncrieff et al., 1996] include cold air drainage on sloping terrain (horizontal advection), sporadic mixing, a spectral shift toward high-frequency eddies which current instruments cannot detect, small vertical fluctuations in wind speed, and the increased importance of storage [Goulden et al., 1996] . During stable nights, the advection term may be of equal magnitude as F C [Black et al., 1996; Lee, 1998 ]. Errors are also introduced when the temperature ranges of daytime and nighttime fluxes are not similar because the Q 10 value of the respiration function varies with temperature [see Kirschbaum, 2000] . Leaf respiration varies significantly as a function of the rate of photosyn-thesis [Ruimy et al., 1995; Collatz et al., 1991] , which is not incorporated into the simple temperature-dependent models. The respiration models also fail to consider soil moisture as an explanatory variable. Drought conditions will depress R e below predicted values because microbes cannot function optimally in low soil moisture [Davidson et al., 1998; Wang et al., 2000; Xu et al., 2001] . High soil moisture, i.e., waterlogged conditions, can also inhibit respiration through the creation of an anaerobic environment [Vourlitis and Oechel, 1999] .
[11] Corrections for several of these errors are made by restricting model input to well-mixed nighttime conditions only. Threshold criteria include wind speed u, friction velocity u*, and the standard deviation of the vertical wind component s w , all of these may vary from site to site depending on specific environmental conditions. For example, Lindroth et al. [1998] used u* > 0.5 m s
À1
, Goulden et al. [1996] used u* > 0.17 m s
, and Black et al. [1996] used u > 3.5 m s À1 . These criteria reduced the acceptable data to between 10 and 50% of the total. Black et al.'s [1996] strictest criterion using u* and s w explained 81% of the variance between eddy flux calculated R e and soil temperature at 2 cm, but 90% of the nighttime data was ultimately eliminated in the analysis. Use of equation (2) eliminates errors associated with differing temperature ranges because, according to Lloyd and Taylor [1994] , this equation ''effectively gives a decrease in Q 10 with increasing temperature.'' To help correct for differing hydrologic conditions, Miranda et al. [1997] developed distinct temperature relations for the dry and wet seasons of a cerrado site in Brazil.
[12] Ecosystem respiration can also be calculated by scaling the daytime carbon flux light-response curves down to zero light. The advantage of this technique is that the storage and advection terms are negligible during the day. Falge et al. [2002] found that there was a very good agreement between corrected nighttime flux respiration and lightresponse respiration calculation over a broad range of forests and temperatures. Working in a tallgrass prairie, Suyker and Verma [2001] reported that R e calculated using this method agreed with measured nighttime NEP (R 2 = 0.92).
[13] Ultimately, to evaluate the accuracy of model respiration estimates, the eddy covariance measured respiration can be compared to chamber flux measurements of leaf, bole, and soil respiration (Table 1) . Anthoni et al. [2002] found no significant differences between scaled chamber measurements and eddy covariance NEE for well-mixed nights during the entire study period. Lindroth et al. [1998] found that their corrected flux values showed ''fairly good agreement'' with chamber measurements. Grace et al. [1995] , Law et al. [1999 Law et al. [ , 2001 , and Janssens et al.
[2000a] also concluded that there were no significant differences between techniques. However, Goulden et al. [1996] found a 30% discrepancy between the methods, which they attributed to an overestimate of soil respiration with chamber and/or a difference between the flux footprint and the location of the chambers. Lavigne et al. [1995] also reported an underestimate of nocturnal NEE by eddy flux while acknowledging the difficulties in scaling chamber point measurements to stand level estimates.
[14] For the purposes of this study we are more concerned with the accuracy of NEE and R e measurements on an annual to decadal timescale. Barford et al. [2001] reported that 8 years of biometric measurements at the Harvard Forest, Massachusetts, indicated a net storage of 1.6 ± 0.4 Mg C ha À1 which compares favorably with the eddy covariance NEE estimate of 2.0 ± 0.4 Mg C ha À1 for the same period of time. Ehman et al. [2002] also reported good agreement between biometric and micrometeorological techniques in the Morgan-Monroe State Forest, Indiana. In a young slash pine plantation in Florida, the biometry data of Gholz et al. [1991] supports the reported mean NEE value of Clark et al. [1999] of 680 g C m À2 for this site.
Data Treatment
[15] We have not attempted to standardize the data treatment strategies among the studies reported in Table 2 but have instead used data as published in peer review journals. The great majority of studies have simultaneously measured or estimated below-sensor storage. Additionally, the storage term sums to zero when averaged over daily or yearly timesteps [Aubinet et al., 1999] . As discussed above, investigators generally correct for stable atmospheric conditions by limiting acceptable data to well-mixed periods. The threshold criteria will vary depending on site characteristics and have been listed in Table 2 . Lindroth et al. [1998] 4.1 ± 0.9 4.3 ± 2.0 À5 Belgium f Janssens et al. [2000a] 1.2 ± 1.4 1.3 ± 0.03 À8 BOREAS, Canada g Lavigne et al. [1995] 2.8 ± 0.5 3.9 ± 0.5 À27 a Here percent difference = 100[(eddy flux -chamber)/chamber)]. b Nocturnal respiration measured from eddy covariance plus CO 2 storage in canopy versus mean of 20 soil chambers plus plant respiration measured at four heights. c Nocturnal eddy flux versus sum of leaf, stem, and soil chamber-based model output based on mean temperature for 4 month period (n = 660). d Sum of all 1/2 hour nighttime periods during study (n = 1658), reported in g C m À2 .
e Nighttime eddy flux versus soil plus branch chamber measurements for six summer nights of data (interpolated from Figure 4 of Lindroth et al. [1998] ).
f Mean nocturnal below-canopy eddy flux versus soil chamber-based model output for same three week summer period. g Mean of six sites in both the northern and southern study areas. [Hanson et al., 2000] .
SANDERMAN ET AL.: SOIL ORGANIC CARBON TURNOVER
Turnover time = 10 Â OC/(mean R H ) ± range using the two R H estimates as end-members.
[16] An important consideration is how each study has filled gaps in the annual data set. Due to routine maintenance, instrument failure and data rejection, the average data coverage is only 65% annually [Falge et al., 2001] . Gaps are filled using several different techniques. Most investigators are now using nonlinear regressions with controlling factors such as temperature and photosynthetically active radiation. Falge et al. [2001] compared the use of three common gap filling strategies on 28 site years of data from both EUROFLUX and AMERIFLUX sites. The average difference between techniques for all sites was small at only 7.6 g C m À2 yr
À1
, but the difference at any particular site varied significantly (standard deviation = 43.6 g C m À2 yr
). Fortunately, there does not seem to be a systematic bias between these methods; therefore differing gap-filling strategies should not effect the interpretation of our results.
Soil Organic Carbon Turnover Time Calculation
[17] We can simplify the soil column by assuming it behaves as a single homogenous carbon pool. With this simplification, turnover time can be calculated from a firstorder decay model [e.g., Jenny et al., 1949; Amundson, 2001] :
where I = inputs from plants, k = fraction of C lost annually, and C = mass of C per unit volume (kC = C lost from system ffi C lost as respiration plus C lost from erosion [e.g., Stallard, 1998] ). Micrometeorological measurements of CO 2 flux are limited to flat or gently sloping terrain to avoid horizontal advection during stable atmospheric conditions, where we expect erosional losses to be relatively minor.
[18] The view of soil C as a single homogeneous pool is a gross approximation that neglects the reality that soils contain C that cycles at differing rates, from annual to multi-decadal [Trumbore, 2000; Davidson et al., 2000a; Gaudinski et al., 2000] . Nonetheless, because we lack data on the size and residence times of the different pools in this analysis, we adopt the single pool approach in our comparative analysis. In doing so, we loose the ability to distinguish if a given turnover time is due to a small amount of rapidly cycling C or a large amount of slow cycling C. This distinction is critical in predicting both the magnitude and timing of the SOM response to perturbations [Gaudinski et al., 2000] . The potential biases of the single pool approach are clearly outlined by Trumbore [2000] .
[19] When a soil is at or near a steady state (i.e., @C/@t = 0), inputs will equal losses:
where R H is the CO 2 efflux due to microbial decomposition of soil organic matter. From equation (4), the mean residence or turnover time, t(yr À1 ), can be calculated:
This simple box model gives us a powerful means for comparing the potential effects of climate on soil decomposition rates throughout the ecosystems of the world.
Soil Data
[20] The majority of eddy flux studies unfortunately have not reported the organic carbon content of the local soil. Here we estimated the organic C content (kg m À2 ) of the soil at each flux site by locating the study sites on a 5 Â 5 minute digital map of soil characteristics [Global Soil Data Task, 2000] . In this map, soil characteristics from more than 4000 profile descriptions were statistically linked to the FAO/UNESCO Digital Soil Map of the World to generate the detailed map of organic C for the upper 100 cm of soil (for details on digital map compilation see Batjes et al. [1997] ). The heterogeneous nature of soil carbon plus the large flux footprint of eddy flux towers make the Global Soil Data Task [2000] map based on median values a justifiable data source for this type of comparison.
[21] An alternative approach to estimating soil C globally was used by Post et al. [1982] . Post et al. [1982] ignored individual soil characteristics and instead focused on the role of climate in regulating the amount of C a soil in a particular region can hold. As the data reported in Table 2 illustrate, there can be large discrepancies between these two methods. Post et al. [1982] only included the mineral soil in their analysis, while the Global Soil Data Task [2000] map included the organic-rich O horizon. In our analysis, we have no way of distinguishing decomposition of forest floor organic matter from decomposition of more humified mineral soil carbon. In cool, high-latitude forests and in poorly drained areas, the O horizon can contain a large fraction of the total soil carbon. For this reason, we have chosen to use the carbon estimates from the Global Soil Data Task [2000] . In support of our decision, Gaudinski et al. [2000] reported that 80% of heterotrophic respiration at the Harvard Forest, Massachusetts, is due to decomposition of recognizable leaf or root detritus.
[22] Soil information available for these sites was extremely variable: ranging from no information to just the parent material or dominant texture to soil series names with detailed descriptions (Table 2) . For this study, measurement of the soil organic carbon content would greatly reduce uncertainties in the turnover time calculation. Trettin et al. [1999] examined the carbon pools at the Walker Branch Watershed, Tennessee, and found that for the soil nearest the flux tower contains about 6.4 kg C m À2 of organic carbon and that this value is variable both spatially and temporally. The C content from the Global Soils Data Task [2000] map for Walker Branch, Tennessee, is 10 kg C m À2 . Some of this difference can be attributed to measurement depth. Trettin et al. [1999] only reported C to 60 cm while the global data set is calculated for the first 100 cm of soil. Uncertainties in soil C content can result in an overestimate of the turnover time at Walker Branch by 35%, and this problem may also apply to other sites.
[23] For the Danish forest site, the Global Soils Data Task from the Global Soils Data Task map may be a substantial underestimate of the actual C content. Additionally, the fact that using the respiration values reported by Berbigier et al.
[2001], we calculate a turnover time ($19 years) closer to that of a tropical soil than a temperate soil, also indicates that perhaps our C estimate is too low. These examples illustrate the points that individual site peculiarities may not be represented on a global soils map and that direct soil C measurements would greatly aid in the interpretation of the carbon fluxes of these systems.
Heterotrophic Respiration
[24] We use two independent methods to calculate heterotrophic respiration R H : (1) R H is estimated as a fixed percentage of total ecosystem respiration R e ; and (2) R H is calculated for each site assuming a fixed ratio of NPP to GPP. In the first approach, two approximations are needed in this step: the proportion of aboveground versus belowground respiration and the contribution of root respiration to total soil efflux. For a wide range of forested ecosystems, belowground respiration accounts for approximately two thirds of total R e (R soil = 0.67RE) ( Table 3) . Published data indicate a large range in percent root contribution to soil respiration (reviewed by Hanson et al. [2000] ). However, Hanson et al. [2000] reported that for forested ecosystems (n = 26), R root /R soil = 48 ± 19% (standard deviation). Here we adopt the value of 50% for the microbial contribution to total belowground respiration (R H = 0.5R soil ). Following these approximations, heterotrophic respiration is 33% of total R e and autotrophic respiration (R A , aboveground plant respiration plus belowground root respiration) is 67% of R e :
[25] Falge et al. [2001] suggested that the ratio of NPP to GPP can be used to determine whether or not eddy covariance respiration measurements yield biologically reasonable results. At the ecosystem level, NPP is generally thought to be about half of the annual GPP [Schlesinger, 1991] . If the ratio is much greater than 0.5, then either the flux towers are missing a significant portion of the respiration flux or the site is actively sequestering C. Waring et al. [1998] reported that this ratio was conservative at 0.47 ± 0.04 (standard deviation) for 12 forested sites. Using our fixed value of 67% for autotrophic respiration across the sites in this study, we calculate a very similar mean annual value of 0.48 ± 0.09 (standard deviation) for the ratio of NPP to GPP (where NPP = GPP À R A and GPP = NEP + R e ).
[26] If we assume NPP/GPP is 0.5 across all forested sites, then the proportion of R e attributable to heterotrophic respiration (x) can be calculated independent of the assumptions listed above:
where NEP is positive for net ecosystem gain. Substituting x Á R e for R H and solving for x,
This equation yields a mean value for x of 0.35 ± 0.08 (standard deviation) for the 21 sites used in this study. This independent assessment of x agrees remarkably well with our fixed estimate of 0.33 discussed above. Additionally, x decreases significantly with mean annual temperature (MAT) from slightly over 0.5 at the coldest SOM-rich sites to about 0.3 at the warmest SOM-poor sites (r 2 = 0.29 P < 0.05 n = 21). Allowing x to vary by site incorporates the reality that terrestrial C stocks shift progressively toward a dominance of SOM with decreasing temperature. This simple calculation is also a means to check on the biological reasonableness of the eddy flux data. If x for a particular site deviates significantly below 0.3, we might suspect the eddy flux system is missing a portion of the respiratory flux.
Results and Discussion
[27] We were able to compile published data on 30 distinct flux sites ranging from arctic tundra to tropical rain forest; sites covering a temperature range of nearly 40°C (see Table 2 ). Fifteen of these sites had multiple years of data that were averaged to yield a mean annual estimate in order to avoid pseudo-replication. Two sites were excluded from the following analysis due to a history of intensive land management (i.e., ditching to improve drainage of plantation [Valentini et al., 2000] ): Gunnatsholt, Iceland, and Aberfeldy, Scotland. We further limited this analysis to forested upland soils, eliminating the cypress wetland site in Florida, the tussock tundra site in Happy Valley, AK, and the tropical cerrado site.
[28] Data from both of the tropical rainforest sites have also been excluded because these sites are situated on complex terrain where issues of cold air drainage, nonuniformity of sources and sinks, and sporadic mixing and venting are particularly troublesome, making the interpretation of data very sensitive to the choice of nighttime correction factors (see discussion below). After an examination of the NPP/GPP ratio, we have decided to exclude the preliminary data presented by Valentini et al. [2000] for the two Italian sites. NPP/GPP ratios of 0.67 and x values of 0 are suggestive of the eddy flux systems at these sites missing a significant portion of the respiratory flux. Although the exclusion of these sites reduces the spatial extent of the data set, their exclusion greatly increases our confidence in the quality of analysis of the remaining data. For the remaining 21 sites, MAT ranges from À1.6 to 21.8°C and MAP ranges from 420 to 1732 mm.
Gross and Net Ecosystem CO 2 Exchange Versus Climate
[29] Mean annual temperature (MAT) is used to illustrate the global trends in GPP, R e , and NEP (Figure 1 ) because it is strongly correlated with latitude, elevation, temperature and mean annual precipitation. The sign convention for micrometeorological studies is positive for a net atmospheric gain (biome is a net C source) and negative for a net atmospheric loss (biome is a C sink). GPP follows a significant positive trend with increasing MAT (r 2 = 0.74 P < 0.0001). Warmer regions generally have longer growing seasons and greater irradiance leading to higher GPP [Leith, 1975; Williams et al., 1997] , as long as soil moisture is adequate.
[30] If terrestrial ecosystems are in a steady state, then NEP must be zero across all temperatures on annual timescales. However, these data show a significant trend (r 2 = 0.62 P < 0.0001 n = 21) toward greater C sequestering (more negative NEP) with higher MAT. A generally accepted principle in ecology is that young forests actively accumulate biomass until competition for resources such as light and nutrients leads to a quasi-steady state in aboveground carbon stock. For the FLUXNET sites, stand age alone does not correlate with NEP (r 2 = 0.10 P = 0.21 n = 19). However, stand age does decrease with increasing temperature (r 2 = 0.18 P < 0.05 n = 19, inset Figure 1 ), helping to explain the apparent NEP versus MAT trend. It is also important to note that stand age does not help explain trends in GPP, R e , or turnover time. This result indicates that climatic factors (i.e., MAT, MAP, growing season length, etc.) control the amount of total productivity and respiration, but physiological factors (i.e., stand age) may control the balance between the two and may help explain the unexpected increase in NEP with increasing temperature.
[31] In the previous section, we have illustrated many of the uncertainties in nighttime eddy exchange measurements. The interpretation of the trends in NEP is particularly sensitive to these uncertainties. Malhi et al. [1998] suggested that their below-canopy profile system may be underestimating nighttime fluxes and that the R e may be as high as 30.3 tC ha À1 yr À1 (versus their present estimate of 24.5 tC ha À1 yr
À1
) at an old-growth tropical forest in Cuieiras, Brazil. This higher value would make this site neither a net source nor a net sink for CO 2 (NEP = À0.1 tC ha À1 yr À1 ).
[32] There is a clear correlation between MAT and eddy flux-derived k (Figure 2 ), although there is less correlation between respiration and MAT. However, this lack of correlation exists in part because respiration rate by itself is not a direct indication of soil turnover because it does not account for substrate availability to decomposer organisms (total soil C). Respiration is a function of the decay rate k and C content (equation (1)). As Figure 2 illustrates, k increases with MAT [Kirschbaum, 1995] , while soil C decreases [Post et al., 1982] , thereby weakening or obscuring the trend in R H with MAT. By examining k (Figure 2 ) and t (Figure 3 ) rather than respiration in this study, we have therefore factored out the substrate differences between sites. In doing so, we arrive at substantially different interpretations regarding the role of temperature on soil C stocks than in other recent analyses [Grace and Rayment, 2000] .
Soil C Residence Time Calculated From Eddy Flux Data Versus Environmental Factors
[33] On an annual basis, MAT is the best predictor of soil C turnover time (Table 4 and Figure 3) , explaining up to 81% of the variance in t. It is interesting to note that growing season temperature does not predict t for these data, perhaps because of the temperate bias in the sites. Following the work of Lloyd and Taylor [1994] and Fang and Moncrieff [2001] , we fit several different models to the data (Table 4) . A simple exponential relationship, of the form
where b is a fitted parameter and t o is the fitted turnover time at the mean MAT (or MAP), yields a very good fit with MAT (r 2 = 0.81). We calculated a Q 10 value (where Q 10 = e 10b ) of 2.9 for this regression using a mean temperature of 281 K. Although producing an excellent fit with the data, fitting a constant Q 10 to is not biologically realistic [Fang and Moncrieff, 2001] . In a review of the soil C decomposition literature, Kirschbaum [2000] found greater temperature sensitivity at low temperatures than at high temperatures.
[34] The Arrhenius equation can be expressed in terms of turnover time (or decay rate) at 10°C, as [Lloyd and Taylor, 1994] :
where E* is the activation energy (kJ mol À1 ) and R is the universal gas constant (8.314 J mol À1 K
À1
). We are comparing decomposition rates across widely varying ecosystems that likely have vastly different microbial populations. Under these circumstances, the assumption of constant activation energy implicit in the Arrhenius equation [Lloyd and Taylor, 1994] may not be completely appropriate. With decreasing temperature, Lloyd and Taylor [1994] found a nonlinear trend in an ''Arrhenius plot'' of the natural logarithm of k versus 1/MAT (where the slope is equal to the activation energy). These authors modified equation (11) to the form shown in equation (2). This new equation is no longer directly related to biochemical principles, but as Lloyd and Taylor [1994] reported, this ''semi-empirical formulation effectively gives a decrease in Figure 2 . Relationship between (a) heterotrophic respiration (R H ) and (b) soil organic carbon content (C, circles) and soil C decay constant (k, squares) for the 21 eddy flux sites. An exponential function with a Q 10 of 2.7 best explains the fit with the OC data (r 2 = 0.81, P < 0.0001), while k is best explained by equation (11) where R 0 = 0.0298 and E a = 61.4 (r 2 = 0.81, P < 0.001). Error bars for k represent the range of estimates based on the two methods for deriving R H used in this study. activation energy with increasing temperature'' (Figure 4 ). In agreement with Lloyd and Taylor's [1994] work, we find that the distribution of residuals with temperature is least biased using equation (2) (data not shown).
[35] Figure 3 also illustrates the uncertainty in our turnover time estimates based on the different methods used to derive R H (i.e., fixed or site-specific proportion of R e ). When turnover times are derived from a fixed R H contribution, we find a much steeper temperature response (Q 10 of 3.4 using an exponential fit) than when turnover times are derived from the site specific x values (Q 10 of 2.4 using an exponential fit). The high sensitivity of Q 10 values to choice of R H estimation highlights the need for methods that can accurately parameterize this value in global C budgets and models.
[36] Figure 5 highlights two deficiencies of latitude as an explanatory variable in large-scale C studies: (1) Highelevation sites are significantly colder than would be predicted by latitude alone, and (2) the maritime climate of much of Europe creates a narrow temperature and precipitation range across a wide range of latitudes. Additionally, with the prospect of major climate changes, latitude provides little predictive power.
[37] Decomposition rates and turnover times have been shown to vary simultaneously with temperature and moisture [Davidson et al., 2000b; Maier and Kress, 2000] . However, strong colinearity between MAT and MAP variables (r 2 = 0.41, P < 0.001, n = 21) prevents us from developing a significant multivariate model for turnover time using this data set. Additionally, MAP may not be an accurate predictor of soil moisture because the mean annual value obscures the temporal distribution of the rainfall and the overall water balance. This can be of particular importance in xeric moisture regimes where microbial decomposition is severely limited by low soil moisture levels for several months of the year.
Comparison of Turnover Methods
[38] In Figure 4 , we have also compared the Q 10 values calculated in this study to the Q 10 values reported by Kirschbaum [1995 Kirschbaum [ , 2000 for laboratory incubations of soil and litter. Kirschbaum's [2000] best fit equation (redrawn in Figure 4 ): Table  4 for model details. The Q 10 relationship with temperature that Kirschbaum [2000] fitted to laboratory incubation data is also presented in Figure 4 (short dashed line).
where E 0 = 241.5 and C 0 = 31.79, shows extreme temperature sensitivities at low temperatures. In fact, using Kirschbaum's equation, we would calculate a Q 10 of over 12 for most high-latitude forests (MAT < 273 K). The great temperature sensitivity at low temperatures is due in a large part to Kirschbaum's inclusion of litter decomposition studies. It is generally accepted that litter will decompose at much faster rates than soil organic matter (SOM) [Singh and Gupta, 1977; Tate et al., 1993] . SOM is an extremely complex structure with a myriad of physiochemical interactions with mineral surfaces and other soil constituents that act to hinder decomposition. Additionally, shallow sampling depths (often only the top few centimeters of soil [e.g., Nyhan, 1976] ) and disruption of soil structure during sample preparation will both act to decrease apparent mean soil C turnover time.
[39] Raich and Schlesinger [1992] reported over 130 in situ measurements of soil respiration for locations around the globe. We excluded nonvegetated sites, anaerobic sites, and sites with large human disturbances (agriculture, N manipulations, clear-cuts, and drained peatlands). Sites with multiple data were averaged. To be consistent with the eddy flux data set, we focused on the forested upland sites. Soil C was estimated from the Global Soil Data Task [2000] digital maps, and average climate data from the nearest weather station (data from www.worldclimate.com, a database of over 85,000 climate records) were used. Like the earlier analysis, we assume that heterotrophic respiration is 50% of total soil respiration. We then calculated the turnover time following the first-order model outlined above.
[40] The nearly identical slope between eddy flux and chamber flux measurements ( Figure 6 and Table 5 ), given the use of the same turnover time model (equations (3) - (5)), lends support for the robustness of micrometeorological techniques in measuring ecosystem respiration (R e ). The offset ($25 years at MAT = 280 K) between the eddy flux and chamber curves may be interpreted in several ways: (1) Our estimate of the belowground proportion of R e is too high for the eddy flux data, (2) chamber measurements reported by Raich and Schlesinger [1992] may have underestimated the soil CO 2 efflux, or (3) a combination of these reasons. There is some evidence for the second explanation. The mean publication date of the studies reported by Raich and Schlesinger [1992] is 1980. Trace gas monitoring techniques have greatly improved in the last 2 decades [Janssens et al., 2000b] generally resulting in substantially increased CO 2 efflux estimates. If the eddy flux technique underestimates respiration relative to direct chamber measurements, then we would expect the offset between the two curves to be reversed.
[41] The radiocarbon residence time approach relies on comparing the D 14 C values of soils archived before atmospheric bomb testing to that in modern samples from the same locations (for details see Trumbore et al. [1996] and Trumbore [2000] ). In Figure 6 , we have graphed the relationship between turnover times along climate gradients in California and Hawaii, and for a seasonal tropical forest in Brazil reported in Figure 2b of Trumbore et al. [1996] . Turnover times at the California sites are the C inventory weighted mean t for the low-density and hydrolysable carbon fractions of the A horizon of each soil ($20 cm), while the Hawaiian sites were determined for the whole mineral soil. For the CA sites, the two fractions represent between 85 and 98% of total SOM [Trumbore et al., 1996] and greater than 99% of the heterotrophic respiration R H (calculation based on reasonable estimates of R H for these sites).
[42] The exclusion of the residual or passive SOM pool (t = 100 -1000s of years) will cause a 5 -40% underestimation in t (calculated using the D 14 C data and model presented by Trumbore et al. [1996] ) computed as the C inventory weighted mean of the three pools. However, the residual SOM pool contributes such a small fraction to the annual R H that if t was to be calculated as C/R H for these sites, it will be essentially unaffected. This comparison highlights the significant differences inherent in turnover techniques that measure respired CO 2 (eddy flux and chamber measurements) and those that measure the SOC substrate ( 14 C and d 13 C approaches). The passive SOC pool, regardless of size, will be largely missed when turnover times are calculated based on respired CO 2 measurements and respired CO 2 is dominated by fast cycling C [Trumbore, 2000] .
[43] Given the significant differences inherent in the eddy flux and bomb-14 C techniques, the similarity between the temperature-response curves is especially encouraging (Figure 6) . Trumbore et al. [1996] found that the light-density carbon fraction had a Q 10 of 3.8, while the Q 10 was reduced to 3.0 when the light-density and hydrolysable fractions were pooled together. Our black box model results show very similar temperature sensitivity to the weighted mean of the turnover times of individual soil C fractions in the 14 C method. We note that by using a single-pool turnover model, we have obscured the reality that soils contain carbon with varying degrees of decomposability [Davidson et al., 2000a] .
[44] The 14 C-derived turnover calculations for the Sierra transect [Trumbore et al., 1996] also indicated that although t generally decreases with increasing MAT and MAP (Figure 3) , on a smaller regional scale, temperature may be more important than precipitation in controlling soil carbon turnover rates. With increasing elevation along the Sierra transect, MAT decreases and MAP increases (the opposite of Figure 5 ), while turnover times increase.
[45] Finally, we examine soil C turnover times calculated by measuring the changes in the d 13 C values of the soil after existing vegetation is replaced with vegetation that uses a different photosynthetic pathway (C 3 forest replaced by a C 4 pasture or a C 4 crop such as corn). In a review, Giardina and Ryan [2000] compiled estimates of t from recent conversion studies. Owing to the variable disturbance regimes of agricultural practices, we have chosen to only include the d 13 C turnover data from pasture sites in our comparison. Balesdent et al. [1990] found that for the same soil, turnover time varied from 56 years for conventional tillage to 127 years for Figure 6 . Comparison of turnover times versus MAT calculated from eddy flux measurements (solid squares), chamber respiration measurements (data from Raich and Schlesinger [1992] ) (crosses), isotopic analysis of forests converted to pasture [data from Giardina and Ryan, 2000] (triangles), and radiocarbon analysis along climate gradients in California and Hawaii (data from Figure 2b of Trumbore et al. [1996] ) (diamonds). See Table 5 for regression models and statistics. Solid lines represent temperature range for each method. Dashed lines extend relationships throughout the range in MAT. (10)).
no-till agriculture after 17 years of continuous maize production. Additionally, sites that were converted to pasture more than 70 years ago may substantially overestimate t because these ''old'' sites may have oxidized much, or all, of the original C 3 -derived C [Neill et al., 1996] .
[46] The 13 C isotope analysis yields a significantly different turnover trend with MAT than the other 3 techniques. The eddy flux, direct chamber measurements, and bomb-14 C techniques are used primarily in forested (and undisturbed) ecosystems while the d 13 C method is only applicable to grasses and crops (all sites that have been disturbed). In Figure 6 , we only report results from pasture sites, and thus the observed difference between 13 C and the other methods may be due to the fact that grasslands and forests cycle carbon at substantially different rates. However, the process of forest conversion to pasture and subsequent grazing is accompanied by significant disturbance and initial rapid release of soil C [Fujisaka et al., 1998 ]. This initial C loss, accompanied by slower rates of C loss over longer periods of time, will result in an underestimate of t for early periods and an overestimate of t for longer periods of time. Recent work has also shown that these conversion studies are very sensitive to small differences in the isotopic composition of the C3 and C4 vegetation [Phillips and Gregg, 2001] . For these reasons, it is difficult to compare the 13 C (forest conversion) results to the results for the three other techniques.
Summary
[47] In this study, we have developed a means of utilizing eddy correlation flux data to calculate soil C residence times, and compared these calculations to residence times obtained by independent methods. The micrometeorological technique of eddy covariance appears to be a powerful means of characterizing the soil C budget for terrestrial ecosystems. We have shown that fluxes measured with the eddy covariance method can produce accurate spatially averaged measurements of ecosystem respiration, given the proper corrections for stable nocturnal conditions. An accurate value of R e provides a basis for examining the climatic sensitivity of C turnover.
[48] We arrive at two important conclusions from this work: (1) While R e is a valuable quantity, it is not itself a reliable indicator of C cycling because it is related to both C substrate quantity and C turnover rates, which both behave differently with increasing temperature [Davidson et al., 2000a] . (2) By focusing on k (or its inverse, t), we have demonstrated, using independent methods, that contrary to recent discussions [Grace and Rayment, 2000; Giardina and Ryan, 2000] , soil C decomposition rates increase logarithmically with increasing MAT across a wide range of forested upland soils. This result is in concordance with a wealth of other research [Kirschbaum, 2000] all of which suggest that an increase in global temperature will increase the rates of soil organic matter decomposition. If these increased rates are not compensated by increased inputs, soil will be expected to act as a positive CO 2 feedback for decadal to century timescales [Jenkinson et al., 1991; Trumbore et al., 1996] .
[49] This work has also highlighted the need for additional measurements to help understand and constrain the carbon budgets at FLUXNET sites. Eddy flux studies have generally focused on the aboveground response of vegetation to explain the observed carbon fluxes when two thirds of the respiratory flux of CO 2 originates belowground. In the future, more emphasis should be placed on measuring both basic soil properties and soil carbon dynamics at these and future eddy flux sites. Periodic carbon isotope measurements will aid in both the partitioning of autotrophic from heterotrophic respiration and the characterizing of soil as a dynamic system with carbon of varying ages and turnover times. As terrestrial carbon storage and management becomes more of a political and social issue, a full understanding and accurate modeling of the terrestrial carbon cycle will be critical. Multidisciplinary studies that combine the benefits of several techniques will be crucial to help achieve these objectives.
